By utilizing the spin-dependent mean free paths in Co, a polarizer-analyzer system for hot electrons has been established, enabling ballistic electron emission microscopy to measure the effects of scattering on the spin-dependent transport of hot electrons. Through the gradual oxidation of Al, it is possible to controllably increase the scattering effects of a Cu-Al-Cu spacer layer. As scattering increases, the measured polarization exiting the spacer decreases. The effect is explained by a straightforward Auger-like hot-electron scattering process which conserves spin flux but reduces the polarization of a hot-electron current through generation of energetic electron-hole pairs. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2128492͔
The use of the electron-spin degree of freedom in electronic devices is an already present and growing trend. As such, it is important to understand the effects of transport on spin. A vast amount of scientific energy has been devoted to studying metal spin valves which utilize the diffusive giant magnetoresistance ͑GMR͒ effect.
1 Similarly, magnetic tunnel junctions ͑MTJs͒ that utilize tunneling magnetoresistance ͑TMR͒ have made up a large part of recent research efforts. 2, 3 However, as device sizes shrink to dimensions approaching the electron mean free path, ballistic transport of hot electrons ͑electrons with mean energy well above the Fermi energy͒ will play a more dominant role in the performance of devices, certainly in such devices as the spin-valve transistor. 4 It has been shown that in ferromagnetic thin-film systems, quasiballistic hot-electron transport exhibits magneticfield-dependent behavior. [5] [6] [7] However, purely metallic systems may not have the desired resistance area ͑RA͒ product for a given application. Attempts at engineering around this issue have included designing fabrication techniques that effectively restrict the cross-sectional area or the incorporation of nano-oxide layers. 8 This increases the mean energy of the electrons that traverse the device structure and hence raises the question as to the effect electron-electron ͑e-e͒ scattering will have on the spin-dependent quasiballistic transport of these hot electrons. In addition, conduction channels through thin tunnel barriers or along the oxidized sidewalls of fabricated devices provide leakage paths that may also be ballistic and hence susceptible to the effects which will be discussed here. Namely, we will show that even for spin conserving scattering in nonmagnetic materials, the polarization of a quasiballistic hot-electron current becomes diluted due to an Auger-like scattering process. This simple mechanism is not restricted to the materials used in this experiment and should be present anytime hot electrons scatter.
In this study we have used ballistic electron emission microscopy ͑BEEM͒ to measure the effects of scattering on a polarized ballistic current. In BEEM electrons are injected with a scanning tunneling microscope ͑STM͒ tip into a conducting base grown on top of a semiconducting substrate collector. The resulting Schottky barrier which forms acts as a hot-electron detector which only collects electrons with energy greater than the Schottky barrier height ͑e⌽ B ͒. For a more detailed description of BEEM please see Ref. 9 . Previous BEEM experiments. 5 have demonstrated magnetic-fielddependent contrast in images of Co/ Cu/ Co trilayers. Due to the spin-dependent mean free paths in the Co layers, and spin conserving transport in the Cu, the contrast in the BEEM images represents the relative alignment of the two Co layers, with the high current regions ͑I c,F ͒ representing ferromagnetic ͑F͒ alignment and the low current regions ͑I c,AF ͒ antiferromagnetic ͑AF͒ alignment. Here I c is the collector or BEEM current. Because the Cu is spin conserving, it yields images with the greatest contrast; here contrast is defined as in Ref. 6 where it is the ratio I c,F / I c,AF . If, however, the polarization in the spacer was to decrease, this measured contrast would also decrease. In order to determine the effects that e-e scattering has on the polarization of hot electrons, we have inserted a thin Al layer into the Cu spacer layer. By adjusting the O 2 content of the Al, we can controllably increase the amount of scattering in the spacer layer through the formation of aluminum oxide. Figure 1͑a͒ shows the one-dimensional energy diagram for the experimental setup. Electrons are injected from an etched tungsten STM tip, whose Fermi energy is eV t above the Fermi energy of the sample. Once in the sample, electrons which travel the full thickness of the base and have energy greater than e⌽ B may be collected and recorded as collector current, I c . All samples in this study were grown using thermal evaporation in UHV ͑Ͻ5 ϫ 10 −10 Torr͒ starting with 85 Å of Au on hydrogen-passivated n-type Si͑111͒ to form the high-quality Schottky barrier ͑⌽ B = 0.8 V͒ required for BEEM. Next a 12 Å Cu seed layer was deposited on the gold followed by 18 Å of Co which acts as a spin analyzer. The copper spacer layer used in spin-valve studies 5 is replaced with a trilayer of 22 Å Cu/ 10 Å Al/ 22 Å Cu. Oxidation of the Al takes place at room temperature in a reduced pressure ͑typically 1 Torr͒ of ultrahigh-purity O 2 prior to the deposition of the top Cu layer. Finally, another 18 Å of Co was deposited which acts as an effective spin polarizer. The spacer trilayer used here is sufficiently thick as to avoid magnetic coupling of the two Co layers. Figure 1͑b͒ shows schematically how the polarizer-analyzer system works.
Previous studies 5, [10] [11] [12] have shown images containing the magnetic contrast of these and similar samples. Figure 2 shows quantitatively the result of magnetic contrast. The BEEM ͑negative tip bias͒ and scattering BEEM ͑SBEEM͒ spectra were taken over regions of parallel alignment ͑solid line͒ and antiparallel alignment ͑dashed line͒ for the Cu/ Al/ Cu spacer sample with no oxygen dose under constant tunnel current conditions. While the BEEM spectra clearly show that the level of I c is different for the regions of parallel alignment and antiparallel alignment, the SBEEM spectra, which will be discussed in more depth later in this text, do not. This is our first piece of evidence that e-e scattering plays a role in reducing the polarization of the energetic electrons. In order to compare the effects of scattering in the BEEM signal, we again utilize previous results from BEEM studies of spin-valve structures. 5 In the framework of a parallel spin channel model the current difference in these regions allows for direct measurement of the spin-dependent mean free paths in the Co layers. 5 Knowledge of the spindependent mean free paths and using equal thickness of Co for both layers allow us to define the following:
where P in is the polarization of the electrons going into the spacer layer and P out is the polarization of the electrons exiting the spacer layer. w , ↑͑↓͒ , ␣, and ␤ are defined in Ref. 6 and represent the thickness of a single Co layer, the spindependent mean free path, a transmission coefficient for the first Co/ Cu interface, and a transmission coefficient for the second Cu/ Co interface, respectively. Since P in is a function of Co thickness and constants, we can easily fix the polarization entering the spacer layer. In these experiments, 18 Å of Co fixes P in at 71% for electrons with an energy of 2 eV. P out is a function of Co thickness, constants, and the two measurable quantities I c,F and I c,AF . This allows us to determine its value by measuring values of I c from the aligned and misaligned areas of an image. Figure 3͑a͒ shows the measured values of P out as a function of O 2 dose of the Al layer. The values are calculated by using values of I c,F and I c,AF averaged from many images of the same sample; the error bars are calculated using the standard deviation of those averages. The line at 71% in ͑a͒ indicates the polarization entering the spacer layer. This line also indicates the measured value of P out for samples that had no O 2 exposure, as well as for samples whose spacer layer FIG. 1. ͑a͒ The one-dimensional BEEM energy diagram for testing the effects of scattering on spin transport. Electrons are injected from a tip into the metallic base grown on hydrogen-passivated n-type Si͑111͒. The layer of evaporated Au on Si creates the high-quality Schottky barrier ͑⌽ B ͒ necessary for the selective detection of hot electrons in BEEM. Controlled amounts of oxygen are added to the Al layer in order to increase the amount of e-e scattering experienced by the hot electrons as they move between the Co polarizer and analyzer layers. ͑b͒ It is convenient to think of the two magnetic films as a polarizer and an analyzer separated by a spacer. The spin-dependent mean free paths for electrons in Co allow us to set P in and measure P out .
FIG. 2. Positive and negative tip
was entirely Cu, indicating that the results in Fig. 3 are due solely to the inclusion of O 2 and not a result of the Al or Al/ Cu interface. We see from Fig. 3͑a͒ that as oxygen dose increases, the exit polarization decreases. For O 2 doses greater than 30 mTorr s the exit polarization is measured to be zero within the accuracy of the experiment.
It was shown previously 13 that as the oxygen dose of an Al layer increases, its hot-electron transmissivity decreases rapidly. The loss of transmissivity is identical in these samples and is directly correlated with the loss of polarization. Figure 3͑b͒ shows a plot of the measured polarization out of the spacer layer as a function of maximum collector current at V t = −2 V. The trend clearly indicates that with the onset of scattering comes the loss of polarization. This suggests that the same mechanism which causes scattering and loss of signal also causes loss of polarization.
It is possible to test this hypothesis further by examining the SBEEM signal from Fig. 2 . For an n-type substrate, SBEEM is done by injecting holes rather than electrons into the base. Although the n-type substrate will not collect holes, when the ballistic holes scatter, their energy loss goes into the creation of electron-hole pairs. If the energy of the resulting electrons is greater than e⌽ B , they may be measured as collector current. The interested reader should consult Refs. 14-16 for a detailed description of SBEEM. What is important in this discussion is that the SBEEM signal can only be created by a scattering process. This allows us to conclude that whatever signal we see from SBEEM is the result of scattering electrons. Therefore, since the SBEEM signal does not show magnetic contrast, even in samples whose BEEM signal does, we conclude that hot-electron scattering can reduce polarization.
Both the polarization versus current ͑or dose͒ and the SBEEM data lead us to conclude that a scattering process is involved in removing the polarization from the ballistic current. It is possible to understand how this is possible by considering the Auger-like scattering mechanism depicted in Fig. 4͑a͒ for a positive tip bias. A hot hole with energy, momentum, and spin ͑E 0 , k 0 , and S 0 ͒ is injected into the base. When this hole scatters down to a new state, ͑E 1 , k 1 , and S 1 ͒, the energy loss creates an electron ͑E, k, and S͒-hole ͑E 2 , k 2 , and S 2 ͒ pair. If E Ͼ e⌽ B the scattering process will result in measurable collector current. If we assume that the e-e scattering events are spin conserving, the only constraint involving spin in this process is that the electron which fills the initial hole ͑E 0 , k 0 , and S 0 ͒ must have the same spin, hence S 1 = S 0 . There is no restriction on S 2 which will have the same value as S. This means that the scattering process which creates the hot electrons that are collected randomizes spin. This is not to say that the spin is lost. Summing over all FIG. 3 . ͑a͒ P out vs oxygen dose. The plot shows a definite decrease in the polarization of the ballistic electrons as the amount of oxygen content in the deposited Al films increases. The horizontal line at 71% indicates the polarization which enters the spacer layer. This is also the polarization that is measured when the spacer layer is entirely Cu or when the Al is not exposed to oxygen. ͑b͒ P out vs the maximum current level at V t = −2 V for the samples containing Al. Although it could be inferred from ͑a͒, this plot shows directly that as the amount of e-e scattering in the film increase, both the amount of hot electrons leaving the spacer layer and the polarization of the remaining electrons decreases.
FIG. 4.
͑a͒ A schematic of the Auger-like scattering process for ballistic carriers. If we assume that the e-e scattering events are spin conserving the only constraint involving spin in this scattering process is that the electron which fills the initial hole ͑E 0 , k 0 , and S 0 ͒ must have the same spin, hence S 1 = S 0 . There is no restriction on S 2 which will have the same value as S. This indicates that the scattering process, which creates the electrons to be collected, randomizes spin. ͑b͒ For the case of electron injection, the polarization of the ballistic current can also be reduced. Consider an injected electron ͑E 0 , k 0 , and S 0 ͒ which loses energy in the scattering event but still maintains its spin. Like before S 1 = S 0 but there are no restrictions on S 2 = S, especially if the scattering occurs in a nonmagnetic material such as aluminum oxide. However, since both the E 1 and E 2 electrons contribute to the BEEM current, the overall polarization is reduced. As the number of scattering events increases and the contribution from the initial electron beam is diminished, the polarization will become reduced until it eventually disappears once E 1 Ͻ e⌽ B and those electrons which had the initial spin information can no longer be collected.
spins will always yield the same total spin as long as spinlattice scattering can be ignored, however, the hot-electron current is unpolarized. Figure 4͑b͒ shows the diagram for the case of electron injection. Here, one does not expect polarization to be quenched with a single event since the injected electron ͑E 0 , k 0 , and S 0 ͒ loses energy during scattering, but still maintains its spin ͑S 1 = S 0 ͒. Likewise, there is no condition on S 2 and S, especially if the scattering occurs in a nonmagnetic material such as alumina. However, since both electrons with energies E 1 and E 2 contribute to the BEEM current, the overall polarization is reduced. As the number of scattering events increases and the contribution from the initial beam of spinpolarized electrons is quenched, the polarization is reduced and eventually disappears once E 1 Ͻ e⌽ B and those electrons which had the initial spin information can no longer be collected. This is supported by the data in Figs. 2 and 3 . As the amount of e-e scattering increases, the polarization of the collected current is diluted.
It should be noted that the spin flux is not actually diminished, only the polarization of those electrons whose energy is greater than e⌽ B is reduced. This is consistent with spin transfer measurements made on nanoscale MTJs which indicate that no more current is needed to switch the magnetic layers than a comparable spin-valve structure. 17 The scattering mechanism described above reveals a very simple explanation for the observed loss of polarization in the BEEM and SBEEM signals. However, in order to isolate the effect we must consider other phenomena which could be present in these films. Specifically, the addition of scattering centers in the spacer layer also coincides with the creation of aluminum oxide. An analytical scanning transmission electron microscopy ͑STEM͒ study of the electronic structure of thermally grown amorphous Al oxide in a MTJ ͑Ref. 18͒ found that the oxygen K edge in the electron energy-loss spectra ͑EELS͒ of the oxide is quite broad with a tail that extends 4 -5 eV below the midpoint of the much sharper sapphire K edge. This value is much lower than would be expected from the band structure of sapphire ͑4 eV͒ and indicates that there are strong ͑1 eV/Å͒, randomly oriented electric fields in the oxide. The loss of polarization of a ballistic electron beam as it moves through an amorphous oxide might then be explained by dephasing due to different field directions, precession frequencies, and thickness variations in the oxide. However, electrons transporting through the 1 nm of oxide in our measurements spend a very limited time ͑=10 −14 s͒ in the oxide. Even in the presence of 1 eV/ Å electric fields, the effective magnetic field seen by the electrons is two or more orders of magnitude too small for any substantial spin precession, and hence dephasing, to explain the loss of polarization.
To conclude, even though e-e scattering is spin conserving, the polarization of a hot-electron beam will become diluted when scattering is present. Since the mechanism behind this effect is simply the addition of unpolarized hot electrons through the creation of electron-hole pairs, this effect will be present anytime the average hot-electron transit time through a device structure is of the order of or longer than the mean e-e scattering time. This dilution of the polarization of a hot-electron ͑or hot hole͒ beam does not require that spin-flip scattering be significant, only e-e scattering. As we will report elsewhere, BEEM measurements have shown that electron-electron scattering is strongly enhanced at interfaces between conducting layers with mismatched band structure, indicating that a reduction in the spin polarization of energetic electron beams due to such e-e scattering as they transit through the base of a spin-valve transistor or across a Schottky barrier interface is a rather general occurrence.
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